Diedrich A, Crossman AA, Beightol LA, Tahvanainen KU, Kuusela TA, Ertl AC, Eckberg DL. Baroreflex physiology studied in healthy subjects with very infrequent muscle sympathetic bursts. J Appl Physiol 114: 203-210, 2013. First published November 29, 2012 doi:10.1152/japplphysiol.00509.2011.-Because it is likely that, in healthy human subjects, baroreflex mechanisms operate continuously, independent of experimental interventions, we asked the question, In what ways might study of unprovoked, very infrequent muscle sympathetic bursts inform baroreflex physiology? We closely examined arterial pressure and R-R interval responses of 11 supine healthy young subjects to arterial pressure ramps triggered by large isolated muscle sympathetic bursts. We triggered data collection sweeps on the beginnings of sympathetic bursts and plotted changes of arterial pressure (finger volume clamp or intra-arterial) and R-R intervals occurring before as well as after the sympathetic triggers. We estimated baroreflex gain from regression of R-R intervals on systolic pressures after sympathetic bursts and from the transfer function between cross-spectra of systolic pressure and R-R intervals at low frequencies. Isolated muscle sympathetic bursts were preceded by arterial pressure reductions. Baroreflex gain, calculated with linear regression of R-R intervals on systolic pressures after bursts, was virtually identical to baroreflex gain, calculated with the cross-spectral modulus [mean and (range): 24 (7-43) vs. 24 (8 -45) ms/mmHg], and highly significant, according to linear regression (r 2 ϭ 0.91, P ϭ 0.001). Our results indicate that 1) since infrequent human muscle sympathetic bursts are almost deterministically preceded by arterial pressure reductions, their occurrence likely reflects simple baroreflex physiology, and 2) the noninvasive low-frequency modulus reliably reproduces gains derived from R-R interval responses to arterial pressure ramps triggered by infrequent muscle sympathetic bursts.
THERE IS NO REASON TO EXPECT that human autonomic reflexes operate only in the laboratory and that experimental interventions are necessary to bring them into view. Accordingly, an important literature describes efforts to quantify autonomic reflex responses from changes observed in simple time series, recorded without experimental manipulations. Despite the simplicity of this genre of research, it is beset by complexities. For example, causation cannot be measured in the laboratory; the fact that one measured parameter changes before another does not prove that it caused the change. Indeed, it is not even possible to know with certainty which change precedes the other.
Consider the arterial baroreflex. Although there is strong evidence that muscle sympathetic bursts emerge as baroreflex responses to falling arterial pressures (49) , the possibility that such bursts appear as manifestations of an underlying central rhythm cannot be dismissed (3) . Again, in resting healthy human subjects, arterial pressures, R-R intervals, and muscle sympathetic nerve activity fluctuate in synchrony with breathing (21) . If R-R intervals increase after (or in synchrony with) arterial pressure increases, is this evidence of ongoing vagal baroreflex physiology (19) ? If the answer to this simple question is uncertain, perhaps it is necessary after all to rely on experimental interventions to elicit unambiguous baroreflex responses.
Before 1969, there was no reliable method available to quantitate human baroreflex function. In that year, however, Smyth, Sleight, and Pickering (46) proposed that R-R interval responses to drug-induced systolic pressure increases can be correlated by linear regression to derive estimates of human vagal baroreflex gain (the "Oxford method"). Subsequently, Bertinieri and colleagues performed linear regression analysis of sequential R-R interval increases on preceding, spontaneously occurring arterial pressure ramps (6) . The first human study of "baroreflex sequences," as they came to be known, correlated R-R interval increases with preceding arterial pressure ramps caused by single or multiple muscle sympathetic bursts (26) . (In the present study, we extend this line of inquiry and analyze events occurring before as well as after sympathetic bursts, which were single, not multiple.)
A variety of time-and frequency-domain methods has been developed to quantify spontaneous ongoing vagal baroreflex responses (1, 36 -38, 43) . Results obtained with these newer methods have been compared with results obtained after vasoactive drug injections (which are taken as the "gold standard"). In most published comparisons, correlations between spontaneous and pharmacological baroreflex gains are statistically significant. An exception, however, was published by Lipman, Salisbury, and Taylor in an article that unambiguously showcased its main conclusion in the title: "Spontaneous indices are inconsistent with arterial baroreflex gain" (34) .
Our study explores human autonomic mechanisms in a group of healthy young subjects who are distinguished by the paucity of their muscle sympathetic bursts. In contrast with all previous studies in this genre, we characterized events occurring before as well as after isolated (not multiple) sympathetic bursts in an effort to determine what new information they might provide regarding basic human autonomic mechanisms.
METHODS
Ethical approval and subjects. This study was approved by the human research committees of the Hunter Holmes McGuire Department of Veterans Affairs Medical Center, Medical College of Virginia at Virginia Commonwealth University, and Vanderbilt University and conformed with the provisions of the Declaration of Helsinki. All subjects gave their written informed consent. This study is a retrospective analysis of data from 11 healthy men and women from the Medical College of Virginia (6 subjects) and Vanderbilt University (5 subjects). The volunteers were studied to obtain healthy control data, and their measurements were recorded on digital FM tape for off-line analysis. For inclusion in this study, we required only that subjects have widely separated muscle sympathetic bursts at rest in the supine position. The range of subjects' age was 18 -35 yr; height, 162-177 cm; weight, 52-79 kg; and body mass index, 18 -25 kg/m 2 . All subjects routinely performed light exercise about twice weekly, and no subject was an endurance athlete.
Measurements. We recorded the electrocardiogram; arterial pressure [intra-arterial catheter connected to a strain gauge pressure transducer, or finger photoplethysmographic volume-clamped pressure (39) , with a cuff on the middle finger of the nondominant hand (Finapres model 2300; Ohmeda, Englewood, CO)]; respiration (pneumobelt or Fleisch pneumotachograph); and muscle sympathetic nerve activity. Recordings were made over 10-to 15-min periods, after subjects rested in the supine position for at least 60 min. Postganglionic sympathetic nerve activity was recorded with a tungsten microelectrode inserted into a peroneal nerve near the fibular head (52) . Sympathetic bursts supplying skeletal muscle were identified by their characteristic cardiac and respiratory periodicities (21) , their increases during held expiration (27) and Valsalva straining (44) , and their failure to respond to arousal. The filtered nerve signal was amplified, rectified, and integrated by a Nerve Traffic Analyzer (model 662C-3; University of Iowa Bioengineering, Iowa City, IA). All data were recorded on strip chart and FM or digital recorders and subsequently digitized at 250 Hz with 14-bit resolution with commercial hardware and software (CODAS; Dataq Instruments, Akron, OH).
One author over read computer detection of R waves and systolic and diastolic pressures, and identified sympathetic bursts with signalto-noise ratios of Ͼ2:1, according to their appearances and their nearly fixed latencies after preceding (one removed) R waves (24) . With one important exception (see below), we advanced muscle sympathetic nerve activity individually, according to each subject's measured burst latency (range: 1.1-1.38 s, mean Ϯ SE 1.27 Ϯ 0.03 s), in the time series to compensate for peripheral conduction delays. Individual burst latency was determined as the averaged lag time between corresponding previous R wave peak and burst maxima. Figure 1 shows three large sympathetic bursts, occurring over a 20-s period in one subject. These bursts seemed to be preceded by blood pressure reductions and to be followed by arterial pressure and R-R interval increases. Their timing bore no simple relation to breathing.
At the beginning of this research, it was obvious that we would have more bursts to analyze in our group of subjects with very infrequent sympathetic bursts, if we accepted shorter rather than longer burst-free periods before and after reference bursts. Therefore, we studied all data from a different subject to determine the shortest interval between bursts that would preserve discrete arterial pressure and R-R interval oscillations related to the bursts. Figure 2 shows average diastolic pressures (ϮSE), aligned on sympathetic bursts (vertical dashed lines), from the subject who had the largest number of infrequent sympathetic bursts. This subject had 6 bursts separated by 10 s, 17 separated by 8 s, and 31 separated by 6 s. Diastolic pressure oscillations were broadly concordant, regardless of the number of bursts analyzed. Therefore, for our study, we accepted bursts For the purposes of our study, we chose bursts separated by 6-s burst-free periods and considered these to be "isolated." This compromise was necessary because very few subjects have muscle sympathetic burst frequencies Ͻ10/min.
preceded and followed by 6-s burst-free periods, for all analyses. (This decision was based on our need to have a sufficient number of bursts to analyze; we discuss the consequences of our choice of burst-free intervals in Limitations.) The total number of bursts studied was 125, and the average number of bursts analyzed per subject was 11 (4 -30) .
We set an electronic threshold on the leading edge of each sympathetic burst selected for analysis, about 20% above the baseline level, and recorded the occurrence of each R wave peak, systolic maximum, and diastolic minimum for 10 s before and after this threshold crossing. Subsequently, the measured time between the onset of the burst and the threshold crossing was subtracted (ϳ0.2 s) to place the timing of the beginning of each burst in its precise location in the data stream.
Signal analysis. We performed further analyses with locally developed algorithms based on commercial software (PV-Wave Advantage; Visual Numerics, Boulder, CO). We converted R-R intervals into an evenly spaced time series using the algorithm of Berger et al. (5) with modified software created by Daniel Kaplan (http://www. macalester.edu/ϳkaplan/hrv/doc/funs/hrtach.html). It used an antialias filter, a boxcar, whose width was twice the interval between samples, and then resampled the time series to yield an equidistant output at 4 Hz. We linearly interpolated arterial pressure time series at 4 Hz.
We used a program developed earlier (15) that mathematically determines where curvilinear relations bend. Briefly, this program iteratively performs least-squares linear-regression analyses to the left and right of successive points on a curvilinear relation and adds the sum squared errors of the two regressions. That point in the relation at which the combined sum squared errors is least is taken as the point at which the line bends. (In the examples depicted in Fig. 2 , the calculated bending points for the beginnings of the diastolic pressure reductions before the onset of bursts were ϳ3-5 s.) Figure 3 depicts 12 data segments recorded from a different subject than the ones whose data are shown in Figs. 1 and 2. Visual inspection of these data suggests that arterial pressure changes occurring between about 3 s before and after the bursts are deterministic; without exception, each burst was preceded by reductions of diastolic and systolic pressures. Similarly, sympathetic bursts were uniformly preceded by R-R interval reductions. Finally, we aligned and averaged all time series on the beginning of sympathetic bursts for each subject. All latency analyses were performed on these 11 average time series.
We used two approaches to estimate vagal baroreflex gain. First, we used the method described originally for baroreflex estimation after bolus intravenous pressor drug injections (22, 46) and performed linear regression analyses of R-R interval (Ͼ4 ms) and systolic pressure (Ͼ1 mmHg) increases per beat following sympathetic bursts. Regressions were calculated with R-R interval offsets of 0 and ϩ1 (18) , and the slope with the higher correlation coefficient was used for subsequent analyses. We accepted only slopes having correlation coefficients Ն0.85.
Second, we estimated vagal baroreflex gain with cross-spectral transfer function analysis of 300 s of artifact-free data (2, 43) . Baroreflex gain was defined as the mean value of the transfer function between systolic pressure and R-R intervals in the range 0.05-0.15 Hz, where the squared coherence between these signals was Ն0.50 and the phase angle was Ͻ0. We considered that a negative phase indicates that pressure changes lead R-R interval changes (11, 36) . For example, a negative phase angle of 90 degrees at 0.1 Hz was taken to mean that systolic pressure changes lead R-R interval changes by 2.5 s (90°/360°ϫ 10 s). Cross-spectral baroreflex estimates were made over entire recordings, without regard to the presence or absence of sympathetic bursts.
Statistical analyses. Results are expressed as means and ranges. Correlations between signals were evaluated with least-squares linearregression and Bland-Altman plots (7, 8) . We used the KolmogorovSmirnov test to evaluate the distribution of data, Student's paired t-test to determine differences in normally distributed data sets, and the Wilcoxon Signed Rank test to determine differences in nonnormally distributed data sets. We considered differences to be significant when P Յ 0.05. Figure 4 documents average systematic relations among arterial pressure and R-R interval changes preceding, as well as following, sympathetic bursts. In this figure, average bending points determined (from all individual relations) are identified by the dashed black vertical lines. The placement of sympathetic bursts (indicated by the vertical gray dashed lines) is different in Fig. 4 , left and right. In Fig. 4 , left, we followed precedent and moved the sympathetic recording by each subject's latency (range: 1.1-1.38 s) earlier in the data stream to compensate for peripheral conduction delays (49) . In Fig. 4 , right, the timing of sympathetic bursts was not changed; thus, sympathetic bursts appeared in these analyses at the actual times they arrived to release norepinephrine and trigger hemodynamic changes. The rationale for these different treatments is further elaborated in the DISCUSSION. Diastolic pressure. Diastolic pressure (Fig. 4A) began to decay Ϫ2.7 (Ϫ4.7 to Ϫ0.7) s before the onset of the reference burst. Diastolic pressures fell before the onset of bursts in 109 of 125 bursts examined (87%). The average reduction of diastolic pressure before the sympathetic burst was 3.8 (1.7-8.6) mmHg. Diastolic pressure peaked 4 (3-6) s after the onset of the sympathetic bursts, with an average increase of 4.3 (2.1-8.8) mmHg (Fig. 4B) .
RESULTS
Systolic pressure. Systolic pressure (Fig. 4C) began to decay Ϫ1.7 (Ϫ3.9 to 1.7) s before the onset of the reference burst. Systolic pressures fell before the onset of bursts in 107 of 125 Fig. 3 . R-R interval and diastolic and systolic pressure responses to bursts from one subject.
bursts examined (86%). The average reduction of systolic pressure before the sympathetic burst was 4.3 (1.4 -6) mmHg. Systolic pressure peaked 5.0 (2.5-9.5) s after the onset of the sympathetic bursts, with an increase of 5.2 (2.6 -7.2) mmHg (Fig. 4D) .
R-R intervals. R-R intervals (Fig. 4E) began to decay Ϫ0.39 (Ϫ1.56 to 0.1) s before the onset of the sympathetic bursts and reached a minimum at 1.28 (Ϫ0.5 to 2.25) s. The average reduction of R-R intervals was 120 (19 -275) ms. R-R intervals peaked 6.17 (3.5-9.25) s after the onset of the sympathetic bursts (Fig. 4F) . The average maximum change of R-R intervals was Ϫ23 (Ϫ107 to 33) ms.
The results of baroreflex gain analysis are summarized in Fig. 5 . Figure 5 , left, shows all baroreflex sequence slopes for the eight subjects who had at least three discrete pressure and R-R interval ramps following sympathetic bursts. Baroreflex gains (Fig. 5, middle) averaged 23.8 (6.8 -42.7 ) ms/mmHg with the sequence analysis and 23.7 (7.5-45) with crossspectral analysis (r 2 ϭ 0.91, P Ͻ 0.001). The Bland-Altman plot [ Fig. 5, right (7, 8) ] shows the differences between the two estimates of baroreflex gain, plotted as functions of their mean values. The average difference between vagal baroreflex gains derived from the two methods was only 0.06 ms/mmHg. Regression of these data (gray line) indicates that there was no systematic bias favoring one method over the other (r 2 ϭ 0.07, P ϭ 0.53). The horizontal dashed lines indicate the limits of agreement (7, 8) , calculated as the mean difference between the two measurements Ϯ 1.96 ϫ standard deviation of the differences.
DISCUSSION
We studied healthy young subjects who were distinguished by the paucity of their muscle sympathetic bursts and measured hemodynamic events surrounding those bursts. These unique data allowed us to 1) analyze responses to isolated muscle sympathetic bursts, 2) determine what changes precede as well as follow the onset of those bursts, and 3) estimate latencies according to statistical probability. Our study yields two major conclusions. First, the occurrence of isolated muscle sympathetic bursts likely reflects baroreflex physiology, since such bursts are preceded almost deterministically by arterial pressure reductions. Second, following isolated sympathetic bursts, arterial pressures rise, and, after that, R-R intervals increase. R-R interval lengthening likely reflects baroreflex physiology: slopes of postburst systolic pressure/R-R interval relations are virtually identical to baroreflex gains estimated by the lowfrequency modulus.
Changes occurring before muscle sympathetic bursts. Isolated human muscle sympathetic bursts are preceded by falling diastolic pressures, with an average latency of 2.7 s (Fig. 4A) , which is consistent with baroreflex causation. This latency is slightly longer than the latency reported by Wallin and Eckberg (52), ϳ2.0 s, whose artificial (neck chamber pressure) stimulus to sympathetic firing was much more abrupt (Ͼ2,000 mmHg/s) and intense (30 mmHg) than the gradual and small (3.8 mmHg) Fig. 4 . Average signals triggered on sympathetic bursts for all subjects. For measurements shown on left, muscle sympathetic nerve activity was advanced by each subject's measured latency to account for peripheral conduction delays. For measurements shown on the right, the timing of sympathetic nerve activity was not changed (see METHODS). The beginning of sympathetic bursts is indicated by the vertical dashed gray lines. Latencies, calculated with bending point analyses, are indicated in the vertical dashed black lines. natural diastolic pressure reduction registered in our study. Our conclusion, that the occurrence of rare sympathetic bursts reflects baroreflex physiology, is supported by other research that documents a close inverse relation between diastolic pressure changes grouped in bins and muscle sympathetic bursts (29) . The measured average diastolic and systolic pressure reductions, 3.8 and 4.5 mmHg, are consistent with what is known about baroreflex sensitivity: Landgren documented a clear spike of directly recorded baroreceptor nerve activity in response to a 1-mmHg isolated carotid sinus pressure increase (32) , and we reported R-R interval lengthening in response to 5 mmHg of neck suction, a stimulus intensity that is so small that most subjects are not aware that suction was applied (14) .
Our study shows that average R-R interval reductions also began before the onset of sympathetic bursts (0.39 s, Fig. 4E ). This observation supports the assumption of Eckberg et al. (21) that R-R interval shortening and sympathetic bursting likely reflect autonomic responses to preceding reductions of afferent baroreceptor input, which reciprocally influence vagal and sympathetic neural outflows (31) . The tightness of the relation between R-R interval reductions and the emergence of sympathetic bursts is reflected by the narrow range of latencies (Ϫ1.56 to 0.1 s). Other studies show that abrupt arterial pressure reductions associated with ectopic beats (23), premature ventricular beats (54) , and ventricular tachycardia (45) also trigger muscle sympathetic nerve bursts, with very short latencies.
Changes occurring after muscle sympathetic bursts. Although our study may be the first to analyze events following isolated muscle sympathetic bursts, there are at least three earlier studies (4, 48, 53) that report hemodynamic changes following multiple sympathetic bursts. We report shorter latencies than these earlier studies because Båth et al. (4) and Wallin and Nerhed (53) , and, presumably, Sugiyama and his coworkers (48) , advanced sympathetic nerve activity in the time series (in Wallin's reports, by 1.45 s) to subtract peripheral conduction delays. Although this treatment brings sympathetic bursts closer to their times of generation within the central nervous system, it inappropriately increases latencies between the arrival of sympathetic bursts, release of norepinephrine at neuroeffector junctions, and hemodynamic responses. The analyses shown in Fig. 4 , right, place referenced bursts at the time they occurred in relation to subsequent hemodynamic changes.
Latencies in published models are at variance with our experimental results. Madwed et al.'s model (35) used a latency of 5 s from the beginning of ␣-adrenergic stimulation to the beginning of vasoconstriction. We found that diastolic pressure begins to increase at about the time of the onset of the sympathetic burst (Fig. 4B, left) . (This very short latency, and that of systolic pressure, likely reflects simply the influence of preceding R-R interval shortening, which began earlier in the time series.) Madwed's model used a latency of 15 s from the beginning of ␣-adrenergic stimulation to the peak vasoconstrictor response. We found that the average latency from the sympathetic burst to the maximum diastolic pressure elevation is 4 s. This result was similar to one calculated by Brychta and coworkers (10) , based on their statistical model.
As discussed, R-R interval shortening likely arrests the arterial pressure decay and shortens the latency between the sympathetic burst and the diastolic pressure rise. Similarly, R-R interval lengthening following the increase of arterial pressure likely contributes to the succeeding fall of arterial pressure. We have no way to quantify these ongoing vagal contributions to pressure changes, which represent complexities inherent in studies of conscious human subjects with intact reflex mechanisms.
Vagal baroreflex gain estimation. We propose that the hemodynamic changes that occur following large muscle sympathetic bursts trigger a cascade of responses that culminates in a vagal baroreflex sequence. We report that average vagal baroreflex gains, calculated from systolic pressure-R-R interval regressions following sympathetic bursts and low-frequency transfer functions are nearly identical (Fig. 5, middle, r 2 ϭ 0.91). The Bland-Altman analysis (Fig. 5, right) shows that 1) the average difference between measurements, 0.06 ms/mmHg, is very small relative to the average baroreflex gain, 23.7 ms/mmHg; 2) there is no significant proportional bias favoring one measurement over the other (regression coefficients, gray line in Fig. 5) ; and 3) all measured differences fall within the limits of agreement [horizontal dashed lines in Fig. 5 (7, 8)] .
The gold standard for human vagal baroreflex measurements. Since the seminal publication of the Oxford method by Smyth, Sleight, and Pickering in 1969 (46), the gold standard for human vagal baroreflex testing has been R-R interval responses to intravenous bolus injections of vasoactive drugs. We propose that systolic pressure-R-R interval regressions measured after muscle sympathetic bursts provide a more pure provocation of baroreflex responses than the Oxford method. The Oxford method, which has figured so importantly in autonomic research since its introduction, is, withal, an experimental intervention, which therefore, can be challenged on theoretical grounds. The Oxford method involves invasive venous cannulation and injection of drugs with multiple actions (30) into veins, from which they traverse the pulmonary circulation, left heart, and, after they likely alter sinoatrial node automaticity (57), constrict baroreceptive artery smooth muscle (9, 40) and, finally, cause generalized vasoconstriction.
Conversely, a muscle sympathetic burst, which arises spontaneously without experimental provocation, releases the naturally occurring neurotransmitter norepinephrine almost simultaneously in all muscle sympathetic nerve endings (51) which innervate over 40% of human body mass (42) . We recognize that our argument is in part philosophical and that muscle sympathetic nerve activity is not recorded in most human research. However, the correlation we document between responses to muscle sympathetic bursts and one noninvasive index, the modulus, provides strong support for use of this noninvasive index to estimate vagal baroreflex gain (37) . Although there are many published comparisons of one noninvasive estimate of baroreflex gain with another (for example, see Ref. 33) , the present study may be qualitatively different from the others in that our comparison is between a noninvasive index and an arterial pressure increase triggered physiologically.
Spontaneous baroreflex indexes. We invite comparisons between our study and that of Lipman, Salisbury, and Taylor (34) . We confirm Lipman's observation that the low-frequency cross-spectral baroreflex index we used yields responses that are comparable to those derived from R-R interval responses to arterial pressure increases (in their case, induced by sequential nitroprusside and phenylephrine injections and in ours by isolated muscle sympathetic bursts). However, we differ in the confidence we place in the cross-spectral approach: we found much stronger coherence between the two indexes (r ϭ 0.96 in our study vs. r ϭ 0.39 in Lipman's study). There are several disparities between the two studies that may explain this large difference.
First, although Lipman and her coworkers studied a larger group of subjects than we did (97 vs. 11), their volunteers included elderly subjects and patients with coronary artery disease, who are known to have subnormal vagal baroreflex gains (17, 28) ; our subjects were young and healthy. One consequence of Lipman's subject selection is that her results were strongly skewed toward low levels of baroreflex gain (with ϳ75% falling below 10 ms/mmHg, her Fig. 2) . Second, the average systolic pressure increase provoked pharmacologically in Lipman's study was large, ϳ30 mmHg; ours, which reflected spontaneous pressure variability, was small, 5.2 mmHg. Because humans appear to operate on the "linear" portion of their sigmoid baroreceptor stimulus-R-R interval response relations (41) , regressions of small pressure increases from baseline and R-R interval responses should accurately reflect peak baroreflex gains and should not be confounded by inclusion of pressures in nonlinear threshold and saturation ranges (16) . More importantly, small spontaneous pressure increases occur over brief time periods, but pressure changes following sequential nitroprusside and phenylephrine injections occur over long periods, minimally tens of seconds. A shorter period allows less time for the occurrence of rapid baroreflex adjustments (13, 47) , which oppose and reduce ongoing pressure changes.
Third, Lipman et al. (34) compared their cross-spectral results with responses to two or three sequential injections of nitroprusside and phenylephrine; we compared our results with responses to an average of 11 sympathetic bursts followed by pressure ramps per subject. Fourth, Lipman and her colleagues may have made the tacit assumption that levels of vagal baroreflex gain in resting humans are constant and that, therefore, two or three measurements for each subject, made over a total period of perhaps 6 min, are representative of baroreflex gain made during an entire experiment, lasting hours. Recent studies (2, 20, 55) document very large (as much as 10-fold), ongoing variations of vagal baroreflex gain in resting, ostensibly "steady-state" healthy subjects. The importance of this observation for the present work is that baroreflex gain estimated from many ramps of pressure over an entire experimental session are more likely to reflect average baroreflex gain over time than gain estimated from few ramps measured over a small percentage of the experimental period (56) .
Limitations. Our study has several real or potential limitations. Our study is observational rather than hypothesistesting research. This limitation may be mitigated by our use of different methods of analysis than those used earlier and by the uniqueness of some of our observations. Our numerical results may enable accurate modeling of human autonomic rhythms without recourse to data obtained from invasive animal experiments (12) . It is possible that, by restricting our analysis to data from subjects with infrequent muscle sympathetic bursts, we biased our results. This seems unlikely, since [if we advance sympathetic activity as earlier authors did (4, 48, 53), see DISCUSSION] our measurements made after isolated sympathetic bursts are nearly identical to those reported by these authors, who signalaveraged responses on multiple sympathetic bursts. We studied only 11 subjects; however, we characterized baroreflex ramps more fully than Lipman's study [11 vs. 2-3 baroreflex ramps/subject (34)]. We did not compensate for differences in pulse transmission time in Finapres and intraarterial recordings; although such differences must exist, they are likely to be small, perhaps 100 ms.
We arbitrarily defined "isolated" bursts as being separated by Ͼ6.0 s so that we would have sufficient material to perform a meaningful analysis. It would have been preferable to require longer interburst intervals; however, in our experience, subjects with Ͼ6 s separating bursts are rare. [Fagius and Wallin (25) studied 15 healthy subjects on two separate occasions; of the 30 recordings, only one had fewer than 10 muscle sympathetic bursts/min.] Based upon our data (Fig. 4) , it is likely that bursts occurring somewhat earlier than 6 s before the sympathetic trigger exerted some effect on our results. Although we view the isolated sympathetic bursts we analyzed as relatively pure "impulse" functions, succeeding pressure changes surely were modulated by R-R interval changes, whose quantitative influence we are unable to gauge. Because we did not filter our data to exclude respiratory-frequency fluctuations, low-frequency modulus baroreflex gains may have been compared with baroreflex sequences occurring at low as well as respiratory frequencies. This omission should not have influenced our conclusions, since cross-spectral baroreflex gains calculated at low and respiratory frequencies are similar (33) . A final potential limitation is that, although our study treats vagal baroreflex mechanisms, we have not excluded sympathetic opposition to vagally mediated changes. This omission is unlikely to have influenced our conclusions: sympathetic stimulation opposes R-R interval fluctuations at all frequencies (50), and there is no reason to expect that sympathetic mechanisms would affect one baroreflex method more than another.
In summary, we triggered arterial pressure and R-R interval data collections on isolated muscle sympathetic bursts and measured changes occurring before as well as after those bursts. Our study shows that arterial pressure falls almost deterministically before the occurrence of isolated sympathetic bursts, with latencies consistent with baroreflex physiology. We regard postsympathetic burst arterial pressure elevations as consequences of those sympathetic bursts and suggest that such pressure sequences and their R-R interval responses should be regarded as a new gold standard against which other baroreflex methods are compared. Finally, we show that one method of estimating vagal baroreflex responses, the low-frequency transfer function (20, 36, 43) , yields results that, in our sample of healthy volunteers, are nearly identical to those recorded after isolated sympathetic bursts.
